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ABSTRACT 
Porous Silicon is a material that is made when an electric potential is applied to silicon using a 
hydrofluoric acid electrolyte. The structure of porous silicon is of interest for cell biological 
applications due to the large surface area and optical properties. To render the material 
biocompatible we modify porous silicon using hydrosilylation and bioconjugation techniques to 
render it inert to degradation and allow for cell adhesion. We looked at the potential to use 
porous silicon as a co-culture by patterning it with patterned regions of different adhesive 
peptides using a novel lithography method with gold. Next we exploited the high surface area 
of the material to incorporate small molecules in the structure. Then we used it for cell culture, 
so that drug releases directly into the cells. We then explored the optical properties of porous 
silicon to create a stimuli responsive sensor using a composite with a PEG hydrogel. Finally we 
looked at the potential of topographically modified porous silicon to be used for cell culture 
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CHAPTER 1 
INTRODUCTION TO POROUS SILICON 
1.1  Beginnings of Porous Silicon 
Porous silicon was discovered in 1956 by the Uhlirs at Bell labs, when they were trying to 
remove machining marks via electrochemical etching [1]. However, the anodic etching of the p-
type silicon did not produce the shiny smooth surface they expected, and instead produced a 
brown surface. It was not until 1965 that the structure was confirmed to be porous via XRD [2], 
and in the early 1990s it was shown that porous silicon exhibited quantum confinement effects 
and therefore could be engineered to exploit its optical properties [3].  
Figure 1.1 Top down view of porous silicon 
 
1.2  Porous Silicon Fabrication 
Chemical Dissolution of Silicon 
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Native silicon is susceptible to oxidation in air due to the relatively low bond strength of Si-Si 
(ΔH = 54 kcal mol-1) and Si-H (ΔH =95 kcal mol-1) compared to Si-O (ΔH = 133kcal mol-1) [4]. The 
only bond that is stronger than the oxidized state is Si-F (ΔH = 158 kcal mol-1), so when aqueous 
HF is added it removes the oxide and converts the surface to Si-F. The silicon then readily 
dissolves into SiF6-2 due to the high bond strength (Equation 1.1). 
𝑆𝑖𝑂2 + 6 𝐻𝐹 → 𝑆𝑖𝐹6
−2 + 2 𝐻2𝑂 + 2𝐻                                   (Eqn. 1.1) 
This reaction is relatively slow under just aqueous HF and requires either an oxidizer or an 
electrochemical reaction to drive the process. When forming porous silicon, we use an 
electrochemical etching cell to drive the dissolution of silicon into aqueous solution of SiF6-2. 
Electrochemistry facilitates nucleophilic attack by generating electron holes (H+) at the silicon 
surface, which has a similar electronegativity as Si, allowing the fluoride ions to attack [5]. Once 
one of the surface hydrides is converted to Si-F, the second hydride will also react with HF to 
form Si-F due to the polarization of the first Si-F. Due to the high polarization, HF can then 
attack the Si-Si backbone and convert the silicon into SiF6-2 When this reaction is finished there 
Figure 1.2 Etching set up for Porous Silicon 
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is less than .1% Si-F groups on the surface. Since the SiF6 molecules are removed from the 
system, the surface of the PSi will be Si-H, since there are no oxidizing agents allowing 
nucleophilic attack to occur which would change the bonds to Si-OH or Si-O-Si. Over time the 
surface will oxidize into either Si-O-Si at temperatures above 300 K or into Si-OH at 
temperatures under 300K [6]. 
Porous Silicon Formation Mechanisms 
Applying an electrical potential across silicon using an HF electrolyte drives the formation of 
linear pores, instead of a uniform layer of silicon removed from the surface. There are many 
theories on the pore formation, but the most widely accepted theories are the four which will 
be described below.   
The most widely accepted model is the quantum model which was proposed in 1991 by 
Lehmann. This theory states that when a silicon atom is removed, the topography changes and 
there is a now a very small pore where it was. Due to the narrow width of the pore walls (on 
the order of nanometers) there is quantum confinement of the valence holes. The band gap 
widens at the pore walls is increased by .5 eV compared to normal silicon, so that the carriers 
preferentially move to the bottom near bulk silicon. This leaves the walls with no valence band 
holes, leaving the pore walls almost immune to HF attack [5].  
In Beale’s mode, the porous silicon has higher resistivity (>105 Ω cm) compared to bulk silicon of 
either p or n type. The current will then only go to the bottom of the pores, where the 
resistivity is the lowest, so there will only be carriers generated at the pore bottoms [7]. Since 
only carriers are at the bottom, HF can only attack at the pore tips. 
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Another model is the diffusion limited model from Smith et al. It argues that the valence band 
holes diffuse by a random walk motion. Kinetically, the silicon at the location of the hole will be 
removed before the hole can move to a location further away and the hole will now move to 
the bottom of the pore. That means that most of the valence holes will be clustered together 
and pores will form linearly instead of randomly [8].   
The fourth model is a chemical rate model that was previously applied to the electrochemical 
etching of anodized aluminum. In this model there are two competing chemical reactions, 
namely the formation of oxides at the pore bottom and the dissolution of the oxide. Since the 
electric field is inhomogeneous (stronger at the center of the pore and weaker at the pore 
walls) the reaction takes place at the bottom of the pore. This model implies that the electrical 
potential strength will affect the electric field, and thus affect the size of the pores [9] [10]. Not 
only was this demonstrated, but it turns out there are many more parameter to account for 
which is described in the section below. 
Parameters Affecting Porous Silicon Formation 
 There are many factors that affect porous silicon structure that will be discussed in detail in 
this section.  By careful selecting materials and processes, porous silicon can be easily tailored 
to create complicated optical structures.  
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Figure 1.3 SEM of Pores in PSi 
 
Silicon Wafer Type 
Porous silicon is generally etched using (100) crystalline wafers since they produce cylindrical 
and linear pores. Using wafers of different crystallinity can produce structures with irregular 
geometries, such as triangular pores [11]. Porous silicon can either be microporous (width <10 
nm), mesoporous (10 nm <width<50 nm) or macroporous (width >50 nm) which depends on 
wafer doping. Wafer doping affects the amount of valence band holes available for the reaction 
to occur, and also changes the conductivity of the wafer. In general, p-type can be used to form 
microporous structures, but with low HF concentration and low current it can form 
macroporous structures [12] [13]. N-type is used to create macroporous structures, but 
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requires illumination because it lacks valence band holes. High resistivity p+, p++, n+ and n++ 
type wafers are used to make mesoporous porous silicon films.  
Anodization Parameters 
The electrochemical etching parameters can be tightly controlled to produce pore size and 
density required for the application. The current is used to drive the reduction of water into 
hydrogen gas at the cathode and oxidizes the silicon. As you increase the potential, there is a 
decrease in hydrogen gas. When looking at the I-V curve there is a noticeable peak, which is the 
transition from the formation of porous silicon and the electropolishing regime [14] [15]. 
Electropolishing is when instead of pore formation, silicon atoms are removed as shown in 
equation 1.2 isotropically, and can be used to remove the porous silicon layer from the silicon 
substrate [16].  
𝑆𝑖𝑂2 + 6𝐻𝐹 → 𝐻2𝑆𝑖𝐹6 + 2𝐻2𝑂                                       (Eqn. 1.2) 
Usually gavlvanostatic control is utilized due to the almost linear relationship between current 
density and porosity which allows for easier control [17]. It is hard to predict the average pore 
size and pore size distribution due to an increase in both with an increase in current density, 
but the total surface area between duplicate experiments have been shown to remain the same 
[8]. Time is also an important factor to consider. In general it has been shown that a higher 
etching time increases the thickness of the porous layer but has no effect on porosity except for 
at high current densities [18] [19].    
Electrolyte Formulation 
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Electrolytes are typically made from aqueous hydrofluoric acid and a solvent. The solvent is 
used to assist penetration of HF into PSi via reducing the surface energy, and also helps remove 
buildup of hydrogen gas from the pores. The concentration of HF is important in determining 
the maximum current that can be used before electropolishing. An increase in HF concentration 
decreases the porosity and pore size [17]. When the HF concentration increased from 10% to 
25% it was seen that the porosity decreased by 32% on p+type wafers when keeping all other 
parameters the same [17]. 
1.3  Porous Silicon Optics 
Optical Properties of Single Layer Porous Silicon 
 
Porous silicon is commonly used for optical applications due to the easy control in porosity and 
layer thickness. When looking at a layer of uniform porous silicon under a spectrometer, 
interference fringes can be observed. This is due to the mismatch in the index of reflection 
between porous silicon film and the silicon substrate [20].  The index change is due to the 
porosity, where only some regions have the index of refraction of silicon and the rest have the 
index of refraction of whatever the pores are filled with (typically air). Since the pores sizes are 
in general smaller than the wavelength of light, an effective medium approximation (EMA) can 
be used to determine a single index of refraction of the porous silicon layer. One EMA is the 
Bruggeman’s approximation (equation 1.3) which can be used to get an estimate of the index of 
refraction [21] [22] [23]. In this equation 𝑉𝑆𝑖 is the volume fraction of silicon, D is the 
dimensionality which is 2 for meso-PSi and 3 for micro-PSi, and  𝜀𝑆𝑖, 𝜀𝑎𝑖𝑟 , 𝜀𝑃𝑆𝑖  is the dielectric 
constant of silicon, air and the effective dielectric constant respectively.  
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𝑉𝑆𝑖
𝜀𝑆𝑖−𝜀𝑃𝑆𝑖
𝜀𝑆𝑖+(𝑑−1)𝜀𝑃𝑆𝑖
+ (1 − 𝑉𝑠𝑖)
𝜀𝑎𝑖𝑟−𝜀𝑃𝑆𝑖
𝜀𝑎𝑖𝑟+(𝑑−1)𝜀𝑃𝑆𝑖
= 0                                 (1.3) 
When the material is non-magnetic, like in the case of PSi, the index of refraction, 𝑛 is simply 
the square of the dielectric constant.  
𝜀𝑃𝑆𝑖 = 𝑛𝑃𝑆𝑖
2                                                                       (1.4) 
Using the Bruggeman EMA is useful for determining index when the porosity is known. An 
easier way to calculate the index of refraction is by using the interference fringe pattern of the 
porous silicon [24]. The fringe pattern is shown to follow a genetic algorithm which can be used 
to determine the index of refraction.  In equation 1.5 n is the index of refraction, 𝜆𝑚is the 
wavelength at fringe m, and d is the thickness of the layer. This genetic algorithm only applies 
to spectra in the infra-red because it does not account for absorption or dispersion. 
𝑛 =
1
2𝑑
(
1
𝜆𝑚
−
1
𝜆𝑚+1
)
−1
                                                        (1.5) 
Optical Structures 
Layers of porous silicon with different indices of refraction can be fabricated by changing the 
current density. It can then be feasible to create optical structures such as distributed Bragg 
reflectors (DBR), Fabry-Pérot filters (FBF) and Rugate filters [25] [26] [27].  
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Figure 1.4 SEM of DBR structured PSi 
 
DBRs are made from alternating layers of high and low index of refraction materials. The basic 
equation for a DBR is shown in equation 1.4, where 𝜆0 is the central reflective wavelength. 
Combining that with equation 1.5 allows for an easy calculation of what the etch time/ current 
density should be for successive layers.  
𝑛𝑑 =
𝜆0
4
                                                                      (1.6) 
1
2
(
1
𝜆𝑚
−
1
𝜆𝑚+1
)
−1
= 𝑛𝑑 =
𝜆0
4
                                                  (1.7) 
The thickness can be easily tuned via changing the etch time since the etch rate is a constant 
that varies with current density [18]. Thus for a Bragg stack, you alternate layers starting with 
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the high index (H) and then the low (L) which both have the same central reflection wavelength 
as shown in equation 1.8.   
𝐻𝐿𝐻𝐿𝐻𝐿𝐻𝐿𝐻𝐿 … = (𝐻𝐿)𝑛                                                (1.8) 
By increasing the number of periods, the full width half max of the reflectance peak narrows 
around 𝜆0 and the Fabry-Pérot fringes decrease in reflective intensity [25]. However, etching 
too long creates defects due to dissolution of silicon at the top surface of the silicon wafer and 
subsequently changes the UV-Vis spectrum.  Increasing the difference in index of refraction, it 
causes the full width and half max to increase. Similar to a DBR is the FPF, also known as a 
microcavity filter. In this optical structure there is a defect layer inserted in the middle that 
creates a transmission peak in the stop band area. The formula for a FBF is shown in equation 
1.9, where n is the total number of layers.  
𝐻𝐿𝐻𝐿 … 𝐻𝐿𝐿𝐻𝐿𝐻𝐿𝐻 … = (𝐻𝐿)
𝑛
2 + (𝐿𝐻)
𝑛
2                                     (1.9) 
Optical structures can also be made from one continuously changing structure of porous silicon 
instead of discrete layers. One example of this is the formation of a Rugate filter where the 
index changes from high to low in a smooth wave like function. Rugate filters have similar 
optical structures to DBRs; they have a reflectance band that is a factor of π/4 narrower than a 
DBR and also do not show reflectance bands at higher harmonics [26].  Equation 1.10 shows the 
formula to create a Rugate filter centered on 𝜆0, where x is the optical path and Δn is the 
difference of the highest and lowest indices [26].   
𝑛(𝑥) = 𝑛𝑜 +
∆𝑛
2
sin (
4𝜋𝑥
𝜆0
)                                                        (1.10) 
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1.4  Porous Silicon as a Tool to Study Cell Biology 
In the past decade or so, it has been shown that cells are heavily influenced by their 
environmental stimuli. Everything from how stiff a substrate is [28], what small molecules are 
being excreted, and the adhesive area [29] [30] can affect cell functions. These functions 
include proliferation, migration and differentiation. It is imperative in regenerative engineering 
then to be able to control all aspects of environmental factors for maximum effect.   
Porous silicon is an excellent material to not only increasing regenerative potential, but also for 
use as a diagnostic. The optical properties can be exploited for diagnostic applications, and by 
using different surface treatments it can be used in vivo or in vitro [31] [32] [33] [34] [35] [36]. 
The high surface area of porous silicon allows for high loading of small molecules that can be 
used for drug delivery [37] [38] [39] [40] [41]. It has also been shown that nanoadhesion 
properties of porous silicon [42] [43] can effect cell adhesion and stem cell biology. Since 
porous silicon degrades into silicic acid, which is easily cleared by the body, there is also 
potential use for it to be incorporated long term in vivo.  
To use porous silicon as a biomaterial we first have to modify the surface for various properties. 
First we have to passivate the surface so that the structure does not degrade due to the 
environmental factors of the in vitro environmental including oxidation from water and 
adsorption of protein from cells.  This is important to also keep the optics intact so that we can 
use PSi for a biosensing application. Next we have to modify it to allow for cell adhesion before 
any other studies can continue. We can then engineer porous silicon for cell biological 
applications, such as co-cultures and drug loading. 
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CHAPTER 2 
SURFACE MODIFICATION OF POROUS SILICON 
2.1 Purpose of Surface Modification of Porous Silicon 
The surface of freshly etched porous silicon has surface groups with Si-H. However as 
mentioned in the first chapter, these groups are prone to oxidation in air and in aqueous 
environments and these groups can convert to Si-OH or Si-O-Si. The oxidation of porous silicon 
is highly problematic in that it can degrade the silicon backbone and eventually leads to the 
whole layer dissolving [44]. This is easily seen using UV-Vis spectrometry, where a blue shift in 
the reflectance peak can be seen due to the increase in void space (low index material – SiO2) 
and a decrease in silicon (high index material - Si). It is especially important for in vivo and in 
vitro applications to resist the degradation so that the porous silicon layer will be stable for 
studies on that coincide with the biological time line. A simple way to prevent oxidation is by 
surface chemistry to repel water. One way is to thermally oxidize the porous structure to 
convert the surfaces to SiO2.  Another way is via hydrosilylation with a hydrophobic coating 
using a long carbon chain with an alkene end [45]. However, this is not very useful for further 
surface modifications that can be used to resist protein adsorption or allow for cell attachment. 
One method is via silanization of the thermally oxidized silicon [46] and another is via a one-
step hydrosilyation with an end group that is free for modification. We decided to use 
hydrosilylation using undecenoic acid, which is an alkene with a carbon chain and an alcohol 
group at the end to allow for other chemical conjugation (Eqn 2.1), since thermal oxidation 
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narrows the porous structure considerably [47], requires two steps, and may compromise the 
optical integrity.   
          (2.1) 
In a previous study it was shown that upon adsorption of a protein, the optical structure blue 
shifted, indicating that protein adsorption degrades the high index material (silicon) and 
subsequently enlarges the pores [48]. To prevent this, we next modify this surface to allow for 
resistance of proteins which to prevent structure degradation. To do this we use carbodiimide 
chemistry [49] which allows us to conjugate a compound containing an amine end group. We 
add an amine terminated polyethylene glycol (PEG) linker, since PEG has been shown to resist 
protein adsorption (Eqn 2.2, Eqn 2.3).  
    (2.2) 
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           (2.3) 
 
Next, we modify the surface to allow for cell adhesion. Many different bioconjugation 
techniques can be used to modify the PEG linker depending on the end group. We have used 
succinimidyl esters [50] for conjugation of  hydroxyl terminated PEG linkers (Eqn 2.4, 2.5) as 
well as click chemistry [51] for azide terminated PEG linkers (Eqn 2.6) to conjugated adhesive 
peptides onto the surface.                                      
       
(2.4) 
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(2.5) 
        (2.6) 
The final surface chemistry then gives resistance to water degradation via hydrosilylation, 
protein resistance through PEG linkers, and cell adhesive peptides via bioconjugation or by 
copper catalyzed azide-alkyne cycloaddition.  
2.2 Materials and Methods 
Porous Silicon Etching 
Single side polished silicon wafers (Nova Electronic Materials) of 0.001-0.005 Ω resistivity and 
375 μm thickness were used for all silicon etching. Aqueous HF (48%) from Sigma-Aldrich was 
mixed with ethanol (Decon) at a 1:1 ratio and was used for all of the electrolytes. DBRS were 
etched using a high current of 200mA/cm2 for 1.17 seconds and a low current of 150 mA/cm2 
for 1.3 seconds for twenty layers using a SP-200 BioLogic Galvanostat. After etching porous 
silicon was washed in ethanol once and in hexane once, then dried under nitrogen.  
Chemical Modification 
Hydrosilyation was done under neat undecenoic acid (Sigma-Aldrich), which was freeze-pump-
thawed five times, under an argon atmosphere at 100o C. Carboiimide chemistry was done 
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using .1M of ethyl (dimethylaminopropyl) carbodiimide (EDC) (Sigma-Aldrich) with N-
Hydroxysuccinimide (NHS) (Sigma- Aldrich) in distilled water for an hour. Amine conjugation 
was then carried out with .1M azido-PEG3-amine (Broadchem) or hydroxyl-PEG3-amine 
(Broadchem) in acetonitrile solution (Sigma-Aldrich). Succinmide coupling was done using the 
hydroxyl linker, and modified using .1M of disuccinimidyl carbonate (DSC) and 4-
(dimethylamino) pyridine (DMAP) in dried acetonitrile overnight. An aqueous solution 
containing .01M of an amine compound was then reacted to the silicon overnight. Click 
chemistry was done by using the azide terminated linker, and the following reagents from 
Sigma-Aldrich unless noted; copper (II) sulfate pentahydrate (1 mol% to compound), sodium 
ascorbate (25 mol% to amino compound), tetramethylethylenediamine (1 mol% to amino 
compound) and 1 M of the amino compound. 
Characterization Instrumentation 
A Thermo Nicolet Nexus 670 was used for diffuse reflectance Fourier transform infrared 
(DRIFTS) measurements on samples. UV-VIS reflectance data was measured using a Zeiss Axio 
Observer D1 inverted microscope in Beckman.  
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2.3 Results 
Reflectance Shifts 
 
We used reflectivity measurements to determine whether there was modification of the porous 
structure. When a red shift of the reflectance peak occurs, it means there is a higher index 
material filling the pore space (n ≈1.4 for organic materials) compared to unfilled (n ≈1 for air). 
Microspectrometer data of modified porous silicon has shown constant red shifts of the central 
reflectance wavelength after each modification step (Table 2.1, 2.2). The largest shift is seen at 
the initial hydrosilyation step around 35 nm, and smaller shifts are shown subsequently. This 
shifts can be noticed visually (Fig 2.1) in the visible range. 
Figure 2.1 Hydrosilyation on left, unmodified on right 
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Figure 2.2 Reflectance peak shift of porous silicon modified with DSC/DMAP 
 
FWHM Unmodified Undecenoic acid EDC/NHS 
Hydroxyl 
Modification 
DSC/DMAP RGD 
Wavelength, 
nm 
1017 1060 1078 1085 1093 1095 
Table 2.1 Reflectance peak shift of porous silicon modified with DSC/DMAP 
 
Microspectrometer data of porous silicon modified via click chemistry shows similar trends to 
porous silicon modified by DSC/DMAP procedure (Fig 2.3, Table 2.2). A noticeable red shift 
occurs throughout every modification stage. 
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Figure 2.3 Reflectance peak shift of porous silicon modified via click chemistry 
 
FWHM 
Freshly 
Etched 
Undecenoic acid EDC/NHS Azide Modification click (IKVAV) 
Wavelength, 
nm 
982 
1016 1020 1024 1032 
Table 2.2 Reflectance peak shift of porous silicon modified via click chemistry 
FTIR Data 
We used FTIR to determine specific chemical modification at the porous silicon surface. FTIR of 
unmodified surfaces showed no carbon surface groups. After hydrosilyation C-H stretching was 
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observed (2930, 2851 cm-1) as well as the carbonyl stretch from the undecenoic acid (1710 cm-
1), indicating successful modification (Fig 2.4). 
When porous silicon is modified via EDC/NHS, two additional carbonyl peaks appear (1777 cm-1, 
1845 cm-1), which is from the two carbonyl groups on the succinimide of the NHS. The carbonyl 
of the acid also shifts (1738 cm-1)) indicating that the end group is conjugated to the NHS ester. 
These groups disappear once the PEG linker is conjugated on, and subsequently reappears with 
due to the succinimide group in DSC. When GRGDS (an adhesive peptide) is conjugated to the 
surface, these carbonyls disappear again, indicating successful coupling of the N-terminal amine 
to the activated ester on the surface (Fig 2.5) 
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Figure 2.4 FTIR of undecenoic acid modified PSi and of freshly etched PSi 
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Fig 2.5 FTIR of porous silicon through modification steps 
 
When porous silicon is modified with an azide terminated linker, there is an appearance of the 
azide group (2100 cm-1). We then used copper catalyzed azide-alkyne cycloaddition, and see 
that this peak disappears, indicating that there are no terminal azide groups on the surface (fig 
2.6).  
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Fig 2.6 FTIR of porous silicon modified using copper catalyzed click chemistry 
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2.4 Discussion 
Surface Chemistry of porous silicon can be monitored through changes in the optical 
reflectance and by analysis of the FTIR spectrum of the surface groups. A faster technique is 
through UV-VIS-NIR reflectance of the porous silicon. From equation 1.3, we can see that an 
EMA can be used to determine the index of refraction of the layer. Surface modification adds 
an additional component to the Bruggeman’s EMA and changes the effective index of refraction 
slightly (equation 2.7). From this equation it can be seen that the volume of silicon (high index 
material) remains the same, while there is a decrease in void space (low index material) and an 
addition of a chemical space (medium index material).  
𝑉𝑆𝑖
𝜀𝑆𝑖−𝜀𝑃𝑆𝑖
𝜀𝑆𝑖+(𝑑−1)𝜀𝑃𝑆𝑖
+ (1 − 𝑉𝑠𝑖 − 𝑉𝑐ℎ𝑒𝑚)
𝜀𝑎𝑖𝑟−𝜀𝑃𝑆𝑖
𝜀𝑎𝑖𝑟+(𝑑−1)𝜀𝑃𝑆𝑖
+ 𝑉𝑐ℎ𝑒𝑚
𝜀𝑐ℎ𝑒𝑚−𝜀𝑃𝑆𝑖
𝜀𝑐ℎ𝑒𝑚+(𝑑−1)𝜀𝑃𝑆𝑖
= 0           (2.7) 
 This raises the effective refractive index of the layer of porous silicon, and by equation 1.6 it 
will result in an increase in the central wavelength (red shift). We can make a crude model (Fig 
2.7) by using SEM to find the average pore size and porosity. We find that on average pores 
have a diameter around 20 nm.  
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             Fig 2.7 Simplified Porous silicon filling model 
 
Assuming that the surface modification coats the pore wall uniformly, we can calculate Vchem 
which is determined by the length of the surface group (equation 2.8). By knowing this, we can 
determine what percent of the void spaces is filled for different modifications.  
𝜋(2𝑅𝑉𝑅𝐶 − 𝑅𝐶
2)/(𝜋𝑅𝑣
2) ∗ (1 − 𝑉𝑠𝑖) = 𝑉𝑐ℎ𝑒𝑚                                  (2.8) 
Then we can use this value and in conjunction with equation 2.7, get the value of the index of 
refraction for the layer. We can then compare this with our experimental values; if the shift is 
lower than expected than it means the modification was not 100% efficient. Are model predicts 
a red shift of around 30 nanometers after hydrosilylation which is confirmed by our 
experimental values. The model predicts a red shift increase around 10 nanometers for 
subsequent steps which is slightly higher than our actual results, indicating incomplete reaction 
of the surface groups. 
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Using our surface chemistry, we can than modify silicon for cell adhesion and further cell 
studies covered in chapter 3 and 4. We can also modify the surfaces for allowing drug loading 
into the porous silicon, and a wide variety of different biological studies.  
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CHAPTER 3 
PATTERNING OF POROUS SILICON 
3.1 Patterning of Porous Silicon 
 
Patterning of porous silicon is an emerging field, where many different research groups have 
engineered different patterning schemes [52] [53] [54] [55] [56] [57]. The first patterning 
attempts used n-type silicon wafers, where ultraviolet light was masked to only shine on 
specific places on the silicon wafer, allowing etching to only happen in those regions [52]. 
Recently, groups have started using spatial chemical modifications to create patterns in p-type 
silicon wafers. For instance, the Voelcker group showed that after porous silicon is modified 
using silane chemistry with an amine end group, a photoresist mask can be used to block 
conjugation of some of the amines, while non-masked amines are conjugated chemically, and 
then remove the mask to have another chemical conjugation modifying the remaining amines 
[54].  
Patterning of Porous Silicon for Cell Studies 
In vivo, cells are affected by many different factors such as the microenvironment and cell to 
cell signaling. Neurons for example, are highly dependent on astrocytes, which support them 
and give nutrients, to survive. For nerve regeneration, it is necessary to co-culture the two cell 
types together to successfully mimic the in vivo environment. Instead of removing patient’s 
neuron and astrocytes we can instead take neuronal stem cells which differentiate into 
neurons, astrocytes and oligodendrocytes [58] [59]. It is important to have specific 
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differentiation of NSCs, otherwise unwanted cell types that can negatively affect the 
regenerative therapy can occur. One method to direct differentiation of NSCs, is to use a 
surface with two distinct chemistries that can induce differentiation of different cell types. It 
has been shown previously that IKVAV can induce neural differentiation depending on the 
topographical morphology [60] [61] [62]. We plan to use porous silicon that is spatially 
patterned to present different adhesive peptides RGD which is found in fibronectin [63], IKVAV 
which is derived from the α1 chain [64],   and YIGSR which is derived from the laminin β1 chain 
[65], on the surface. 
In the future, we can also study the effect of geometric confinement and adhesive space of cells 
on porous silicon which can affect their biology, such as differentiation and proliferation. We 
can also modify porous silicon to change the porosity as well as use drug loading (chapter 4) to 
study the synergistic effects that may arise, which cannot be done on a traditional planar 
substrate. Another benefit is that we can use this platform to make 2.5D structures (chapter 6) 
which is of even more interest for biological aspects, where the dimensionality may influence 
cell dimensions, differentiation and directional growth.  
Approach 
Our approach includes deposition of a spatially patterned thin film of gold onto silicon which is 
subsequently etched electrochemically (Fig. 3.1). 
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Figure 3.1 Schematic of 2D etching     
 
Due to the chemical resistance of gold, only the silicon will be etched. After electrochemical 
etching, the silicon can be further modified using hydrosilyation and gold can be modified using 
self-assembled monolayer formation with alkane thiolates [66]. For creating gold regions of 
non-adhesion we use thiol chains containing PEG3 which will resist cell and protein adhesion. 
For co-culture applications we modify the surface with a thiol chain that has PEG and an azide 
functionality at the end. This allows for azide-alkyne cycloaddition of an alkyne terminated 
peptide to mediate cell adhesion.  This approach allows for modular chemistry, with patterned 
sizes at sub-micron. This approach also allows for 2.5D fabricated structures, as well as transfer 
of micro porous silicon lenses.  
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3.2 Materials and Methods 
 
Lithography 
Photolithography was done using a Karl Suss MJB3 contact mask aligner. Patterns were 
fabricated using Autodesk and sent to Output City for mask fabrication. Shipley 1813 was spun 
on a p+++-type silicon wafer of .001-.005Ω resistivity at 4500 rpm for 45 seconds. The wafer 
was than exposed under 365 nm UV for 100mJ/cm2 and then developed for a minute using MF-
321. A Temescal E-beam evaporator was used to deposit 5 nm of chrome or 5 nm of titanium as 
an adhesive layer and then 100 nm of gold subsequently. The resist layer was then removed 
using sonication in acetone for 5 minutes.  
PSi Formation 
Aqueous HF (48%) from Sigma-Aldrich was mixed with ethanol (Decon) at a 1:1 ratio and was 
used for all of the electrolytes. DBRS were etched using a high current of 200mA/cm2 for 1.17 
seconds and a low current of 150 mA/cm2 for 1.3 seconds for twenty layers using a SP-200 
BioLogic Galvanostat. After etching porous silicon was washed in ethanol once and in hexane 
once, then dried under nitrogen.  
Chemical Modification  
Porous silicon was modified first, using the click approach as detailed in chapter 2. Gold was 
subsequently modified using self-assembled monolayers. For click chemistry of gold, a self-
assembled layer of HS-(CH2)10EG4 -N3. For blocking of cell adhesion, a self-assembled layer of HS-
(CH2)5EG3-OH from Prochimia was used to self-assemble on gold. For characterization studies, 
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the peptide KPSS was used for click chemistry and gold had 100% of the azide modification. 
When neural stem cells were co-culture, the gold modification had 15% azide solution and 85% 
cell blocking solution because it was shown in our group previously that cells adhered better on 
these gold modified surfaces.  
Characterization Instrumentation 
Characterization was doing using FTIR and UV-Vis as documented in chapter 2. XPS was 
performed in the Materials Research Laboratory and used to determine gold surface chemical 
modification.  
Neural Stem Cell Culture 
Rat neural stem cells (Millipore) were cultured on tissue culture plastic which were modified as 
follows. 10 μg/ml of poly-l-ornithine (Sigma) in 5 mL of PBS (Millipore) was added overnight 
onto the dishes. The liquid was then aspirated the next day and 5 μg/ml of laminin (Sigma) in 5 
ml of PBS was added overnight. The NSCs were then cultured using rat neural expansion media 
from Millipore until confluent. After porous silicon were fully modified, P2-P4 Rat neural stem 
cells were detached using Accutase (Millipore) and cultured using expansion media without FGF 
onto these substrates for 24 hours. The time was chosen since it has been shown that 
upregulation of GFAP/MAP2 can occur after a day [67] [68]. 
Immunofluorescence 
Neural stem cells were fixed after 24 hours in 4% PFA in PBS for 20 minutes. Cells were then 
permeabilized with Trition-x for 30 minutes and primary stained overnight at room 
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temperature using the neural stem cell characterization kit purchased from Millipore. Briefly, 
samples that were stained with mouse anti-nestin (1:200) were also stained with rabbit anti-
GFAP (1:250), and samples stained with Rabbit anti-SOX2 (1:1000) were also stained with 
Mouse anti-MAP2 (1:200). Secondary staining was done for 20 minutes at 37oC using DAPI 
(1:2000), Anti-Mouse 647 (1:200) and Anti-Rabbit tetramethylrhodamine (1:200). Cells were 
marked positive for markers when they were thresholded to be above average intensity of all 
samples. 
3.3 Results 
 
Physical Structure of PSi/Gold   
Figure 3.2 Photograph of the top of porous silicon etched with gold rings 
Figure 3.3 SEM of porous silicon etched with gold rings 
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To create this heterotypic co-culture we used photolithography to create a gold mask that 
prevents etching of porous silicon. When an electrochemical potential is applied to the 
gold/silicon composites, porous silicon is seen to be etched, while the gold is untouched in the 
etching process. Porous silicon with different patterns including circles, lines and rings ranging 
from micrometers to centimeters in size have all been successfully fabricated, with little to no 
change in the gold structure. Optical properties of these mirrors differ depending on the 
location of gold, so future reflectance measurements were taking from the same spot of a 
sample. Interestingly, optical structures can be etched into these composites (Fig 3.3), and it 
has been seen that along the sides of the gold and silicon interface, pores will grow on an arc 
possibly due to under etching of the gold. 
Materials Characterization 
Porous silicon modification characterization was done using reflectance and FTIR 
measurements (Fig 2.2-2.6) Gold was subsequently characterized using XPS (Fig 3.1). Hybrid 
porous silicon and gold was then prepared for XPS experiments. XPS samples included samples 
where gold was unmodified and porous silicon contained an azide surface group (Fig3.4 a,b), 
Figure 3.4 Cross section of a DBR etched into a gold/silicon composite 
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porous silicon that was conjugated with the peptide Lys-Pro-Ser-Ser-Ala-Pro-Thr-Gln-Leu-Asn 
(KPSSAPTQLN which is abbreviated to KPSS) and gold was modified to have an azide surface 
group (Fig3.4 c,d) and both porous silicon and gold clicked with KPSS (Fig 3.4 e,f).  It was seen 
that when the surface had an azide moiety, the percentage of carbonyls were about 6%. When 
click chemistry was done, there was an increase of carbonyls to about 12% indicating that the 
peptide which contains carbonyl groups were successfully conjugated to the surface. (Fig 3.4). 
33 
 
Figure 3.5 XPS data done on azide terminated porous silicon (a) and unmodified gold (b), KPSS 
conjugated on porous silicon (c) with azide modified gold (d), KPSS modified PSi (e) and gold (f). 
a b 
c d 
e f 
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Cell studies on Spatial Patterning 
Figure 3.6 NSCs stained after 24 hours on porous silicon modified with different peptides and 
on azide terminated surfaces. Gold surfaces are modified with RGD. 
 
To show that we can use this composite system for co-culture applications, we modified the 
porous silicon surface with either RGD, IKVAV or YIGSR cell adhesive peptides. We next 
modified the gold to present an RGD terminated surface. This gave us co-cultures of either 
IKVAV/RGD, YIGSR/RGD or just RGD. We then cultured neural stem cells on porous silicon and 
gold composites for twenty four hours. We then stained them for MAP2, which is microtubule 
associated with neurons, GFAP which is an astrocyte marker, SOX2 which is a pluripotency 
marker found in NSCs, and Nestin which is an intermediate filament found in NSCs.  A higher 
Figure 3.7 Fraction of cells positive for MAP2 on porous silicon 
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percentage of cells that were adherent to IKVAV modified silicon were positive for MAP2, which 
was statistically significant, compared to YIGSR modified silicon (p value = .000314). The RGD 
modified gold region adjacent to the IKVAV modified porous silicon showed variable amounts 
of cells expressing positive for MAP2. The adhesive peptide YIGSR was shown to have the 
lowest amount of cells positive for MAP2, and the cells adjacent on RGD modified gold was 
again found to be highly variable across samples. RGD modified porous silicon was also shown 
to be very variable for MAP2 expression, and the adjacent gold modified with RGD was also 
shown to be variable for MAP2 expression. This indicates either RGD does not play a role in 
MAP2 or low amounts of RGD were successfully conjugated using copper catalyzed azide-alkyne 
cycloaddition.Cells that were stained for GFAP on IKVAV showed a 3 fold increase compared to 
cells on RGD modified porous silicon (p value = .0345). The cells on RGDmodified gold adjacent 
to IKVAV modified porous silicon showed the lowest amount of GFAP, with a 8 fold decrease 
and 3 fold decrease compared to RGD modified gold adjacent to YIGSR and RGD respectively. 
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On YIGSR/RGD composites, it was seen that cells on YIGSR modified PSi were variable for GFAP, 
while cells on RGD modified gold had the highest amount of cells expressing GFAP. When both 
PSi and gold are modified with RGD, the amount of GFAP+ cells were the same on each side, 
with only 25% of the cells staining positive for GFAP. Neural stem cell markers were also stained 
(Nestin and SOX2), however no significant differences were noticed between surfaces. 
Figure 3.9 Fraction of cells positive for GFAP on porous silicon 
Figure 3.10 Fraction of cells positive for GFAP on gold modified with RGD 
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3.4 Discussion 
 
Materials Fabrication 
XPS characterization was used to determine how the chemical reaction on the porous silicon 
may affect the gold surface. When porous silicon is conjugated with the peptides KPSS the 
amount of carbonyls change from 6% to 12%. This maybe due to the fact that KPSS has 12 
carbonyl groups, while the azide terminated surface only has one. This also demonstrates that 
incomplete modification of the surface by the peptide is also occurring, since the modification 
should result in a much larger percentage of carbonyls. While the porous silicon is conjugated 
with KPSS, we see a small increase of 2% in the carbonyls on the gold, which maybe due to 
small contaminants on the surface. We see that when we conjugate KPSS to gold, the amount 
of carbonyls also changes from 6% to 12%, indicating that KPSS is conjugated to the gold 
surface.  When the gold is conjugated with KPSS, we see that there is no change in the amount 
of conjugation to the porous silicon surface, indicating that no further chemical modifications 
occurred on the surface. This shows that the chemistries between the two surfaces are 
relatively distinct, and allows us to click on different peptides on both of the surface.   
Porous Silicon Patterning for neuron-astrocyte co-culture 
Our results show that there is higher neuronal expression (MAP2) on surfaces that are modified 
with IKVAV compared to YIGSR.  We found that RGD surfaces expressed variable amount of 
cells expressing MAP2. We can thus potentially pattern distinct regions of IKVAV and YIGSR and 
have different amount of neuronal differentiation on each surface. It also seems like neuronal 
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differentiation is more dependent on surface chemistry compared to other stimuli since the 
trends on gold patterned with RGD are similar to the results of RGD patterned on porous 
silicon. Our results on astrocyte differentiation however seems to show that there are other 
factors than just surface chemistry that plays a role. In previous literature it was shown that 
IKVAV would increase neuronal differentiation and suppress astrocyte differentiation (GFAP) 
[61], however our results showed that cells on IKVAV had the highest amount of astrocyte 
differentiation. This may be due to the nanoporous morphology of the porous silicon which has 
been shown to affect astrocyte size [69], and these physical changes may play a role in 
differentiation. Interestingly enough, the cells co-cultured on the gold show an opposite trend 
in GFAP+ cells on IKVAV and YIGSR to some extent.  This implies that there is a downstream 
signaling affect caused by either astrocyte or neuronal cells that affect these cells on the RGD 
terminated gold. One idea is that RGD only influences astrocyte adhesion, so the only other 
factor influencing differentiation on these surfaces would be the signals from neuronal cells or 
astrocytes on neighboring porous silicon. More work would need to be done to confirm this 
theory, which could include culturing NSCs in media taken from neuron or astrocyte culture.  
The lack of difference in NSC + markers is possibly due to the culture conditions. When FGFs are 
removed from the culture, NSCs do not grow or proliferate as fast and they differentiate into 
different lineages [58]. Thus it could be the kinetics of the system, where eventually there 
would be no more NSC + cells at all.  
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CHAPTER 4 
DRUG LOADING OF POROUS SILICON 
4.1 Introduction 
Porous silicon has been of interest for carrying small molecules. This is due to the high surface 
area, tunable pore size and the ease of chemical modification on the surface. One of the first 
studies showed that small molecules can be encapsulated through electrostatic interactions 
with the surface [70] [71].  Research groups have even used sonication techniques to form 
microparticles out of PSi which can be used for in vivo drug delivery. [72] [73]. 
Approach 
Using our surface modification techniques described in chapter 2, we engineered porous silicon 
to function as a smart culture dish, where cells would sit on top and drugs would elute directly 
into the cell. The benefits over this system compared to just adding small molecules into the 
cell media is that only cells adherent to the porous silicon would be affected by the drugs 
incorporated into the porous silicon. Potentially we could combine this scheme with the co-
patterning outlined in chapter 3. For example we could add retinoic acid, which is known to 
induce neural differentiation and suppress astrocyte differentiation [74], into the porous 
structure and have peptides shown to induce astrocyte differentiation onto gold and have a co-
culture of both neurons and astrocytes. 
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To fabricate these surfaces we modified the porous silicon first using hydrosilyation described 
in chapter 2, and then subsequently modified the porous silicon via DSC/DMAP chemistry to 
have RGD on the surface. After, we added drugs into the porous silicon surface. 
4.2 Materials and Methods 
Porous Silicon Fabrication 
Porous silicon Rugate filters was obtained from Prof. JJ. Gooding’s lab at the University of New 
South Wales (UNSW). For PSi fabricated at UIUC, Aqueous HF (48%) from Sigma-Aldrich was 
mixed with ethanol (Decon) at a 1:1 ratio and was used for all of the electrolytes. DBRS were 
etched using a high current of 200mA/cm2 for 1.17 seconds and a low current of 150 mA/cm2 
for 1.3 seconds for twenty layers using a SP-200 BioLogic Galvanostat. After etching porous 
silicon was washed in ethanol once and in hexane once, then dried under nitrogen.  
Chemical Modification  
Porous silicon obtained from UNSW was pre-modified using hydrosilyation of nonadiyne, which 
was then coupled using azide alyne cycloaddition to an azide-PEG3-hydroxyl linker. Our group 
then used DSC/DMAP modification using the same technique described in chapter 2. DBRs were 
modified via the hydrosilyation and succinimide coupling techniques described in chapter 2.  
Drug loading 
0.01 M ascorbic acid, β-glyerolphosphatase, and dexamethasone was dissolved in methanol via 
sonication for 5 minutes. The solution was subsequently added onto the porous silicon and 
allowed to dry. The sample was briefly dipped in DI water and dried under air to remove drugs 
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off the nonporous surface. The same drug loading treatment was applied to non-porous silicon 
pieces. 
 
Cell Culture 
Mesenchymal stem cells of passage 3-7 were cultured until near confluence on tissue culture 
plastic on high glucose DMEM with 10% FBS and 5% pen/strep. The cells were subsequently 
lifted off via 0.25% trypsin onto porous silicon surfaces and cultured in either MSC media 
mentioned before, or in osteogenic media (Millipore; containing 10mM dexamethasone, 
100mM Ascorbic Acid 2-phosphate, 1M glycerol 2 – phosphate in MSC media for 2-7 days. 
Media was changed every 3 days. 
Immunofluorescence 
After 2-7 days, mesenchymal stem cells were fixed using 4% PFA in PBS for 20 minutes. They 
were then immersed a solution of 1% Triton-X for 30 minutes and washed in 1% BSA in PBS. 
Cells were then primary stained using 1:500 of mouse anti-RUNX2 and rabbit anti-osteopontin 
over night at 4oC. The following day the cells were stained using 1:200 anti-rabbit 
tetramethylrhodamine, anti-mouse 647, anti-phalloidin 488 and 1:2000 DAPI. Cells were 
determined positive for OPN or RUNX2 if staining intensity was detected to be higher than the 
background via ImageJ. 
Characterization methodology 
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Materials were characterized using FTIR and UV-Vis described in chapter 2. Drug release was 
characterize using a Nanodrop-2000 system at the Bionanolab in the Micro-Nanotechnology 
Lab building by measuring the release of drugs over time in DI water at 37oC. Concentration of 
different amounts of drug in DI were measured with the Nanodrop system create an equation 
relating the concentration of drug to intensity. Immunofluorescence imaging was done at the 
imaging technology group in Beckman.  
4.3 Results 
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Reflectance Spectra was taken after every porous silicon modification step to see chemical 
modification and drug loading. It was seen that a red shift of six nanometers occurred when the 
cocktail of drugs were loaded into the porous silicon surface (Fig 4.1). 
Drug release profiles from porous silicon was then measured using a Nanodrop system. We 
studied the release of dexamethasone due to the easily detectable absorbance seen around 
239 nm.  
It was seen that the drug was released steadily into DI water over 7 hours (Fig 4.2). Ascorbic 
acid and β-glycerolphosphatase were not measured due to the degradation over time which 
shifted the absorbance peak, and the lack of a sharp absorbance peak for β-
glycerolphosphatase.  
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Immunofluorescence 
Next, we cultured human mesenchymal stem cells (MSCs) on the surface to determine if cells 
were adhering and are effected by our drug release culture. Cells were seen to adhere to 
porous silicon surfaces. We next used immunofluorescence and stained for osteopontin which 
is a late marker for osteogenesis and RUNX2 which is an early marker for osteogenesis. When 
Rugate filters were used, it was seen that a higher percentage of cells showed staining for 
osteopontin (OPN) on porous silicon which was drug loaded when compared to the control 
conditions (p<.00001) after 7 days. We next tried DBR structures and saw similar trends after 3 
days for OPN and RUNX2.  
   
Figure 4.3 3 trials of Osteopontin staining after 7 days on Rugate filter porous silicon pieces. 
Cells on RF loaded with osteogenic drugs were seen to express osteopontin at a higher rate 
(p<.00001) 
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Figure 4.4 RUNX2 staining of distributed Bragg reflectors after 3 days. Slight increase in amount 
of RUNX2 expressed on DBRs with drugs compared to without. Much higher expression on 
porous silicon than silicon pieces (no cells were positive on silicon without osteogenic drugs) 
Figure 4.5 Osteopontin staining of distributed Bragg reflectors after 3 days. Increased amount 
after 3 days on DBRs loaded with osteogenic drugs compared to without drugs and on silicon 
samples. 
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4.4 Discussion 
 
Previous studies have shown that small molecules can direct osteogenesis of mesenchymal 
stem cells [75]. Instead of having a macro release of the compounds into the environment, we 
used porous silicon surfaces to localize drug release into on cells adherent to the PSi surface. 
We saw with mesenchymal stem cells that there was a higher number of cells expressing the 
late osteogenic marker, osteopontin, when the surface was coated with cells compared to 
either planar silicon or PSi without drugs. We did not see much of a difference between the 
effects of optical structure on the increase in osteogenesis even though we hypothesized that 
Rugate filters would have a much better drug loading and release since the structures have a 
much higher surface area. We did see a slight increase in drug coated plain silicon compared to 
non-drug loaded possibly because of the nanoroughness of silicon which would also allow for 
drug adherence. 
The drug release profile shows drug release over 7 hours, which can be effective for some other 
applications for example using retinoic acid to differentiate neural stem cells into neurons. If 
however a longer drug release profile is needed, we can potentially change to smaller pore size, 
use surface chemistry that allows higher entrapment of drug or create thicker layers of porous 
silicon pieces.  
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CHAPTER 5 
POROUS SILICON – HYDROGEL SENSORS 
5.1 Introduction 
 
Porous silicon is also interesting as a sensor material. Many groups have fabricated PSi sensors 
which encapsulate proteins, enzymes, gases and other small molecules in the pores and 
measure the shift in the reflectance properties [76]. A novel PSi structure fabrication, to allow 
both drug elution and sensing at the same time. A stimuli responsive layer can be inserted in 
between two Bragg mirrors to create a microcavity. The layer itself can be many different 
materials, including a hydrogel which swells and changes the characteristic optical structure. It 
could also be a protease degradable layer. Another stimuli responsive layer could be a matrix 
Figure 5.1 Schematic of a degradable layer with cleavable small molecules incorporate. Blue is 
the porous silicon, white is the stimuli responsive layer, yellow is the cell which causes the layer 
to degrade and red is the small molecules released. Examples of possible optical reflectance 
structures are shown beneath each step 
48 
 
metalloproteinase degradable hydrogel which can be modified with small molecules, which will 
be released into the environment upon degradation of the layer. When this layer is degraded, 
the porous silicon layers will collapse together forming a DBR structure. Thus this could be a 
way to sense full release of drugs from a porous silicon structure. 
Optical Structure Design 
The theory is very similar to creating FBFs or microcavities on porous silicon as mentioned in 
chapter 2. Instead of having a defect of a repeating porous silicon layer to get a microcavity 
(transmittance in the stop band) we added a hydrogel as a defect layer in between repeating 
layers of high and low porosity (Eqn 5.1), where G is the hydrogel layer.  
𝐻𝐿𝐻𝐿 … 𝐺 … . 𝐻𝐿𝐻𝐿 … = (𝐻𝐿)
𝑛
2  𝐺(𝐻𝐿)
𝑛
2                                                  (5.1) 
To input this defect layer we created two identical porous silicon DBRs and partially detached 
one of them. Due to the size of the defect layer, there could be multiple transmittance peaks in 
the stop band [77]. We then modified them by hydrosilyation of Undecenoic acid to resist 
water. A photocurable hydrogel was then partially cured by UV onto the porous silicon. After 
curing, the second porous silicon was fully detached and placed on the hydrogel and cured fully.  
5.2 Materials and Methods 
PSi Fabrication 
Aqueous HF (48%) from Sigma-Aldrich was mixed with ethanol (Decon) at a 1:1 ratio and was 
used for all of the electrolytes. DBRS were etched using a high current of 200mA/cm2 for 1.17 
seconds and a low current of 150 mA/cm2 for 1.3 seconds for ten layers using a SP-200 BioLogic 
Galvanostat. Partially lifted off samples were subsequently etched using 1:3 (48%) HF: EtOH at a 
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current of 400mA for 5 seconds. After etching porous silicon was washed in ethanol once and in 
hexane once, then dried under nitrogen. To lift off porous silicon, a razor blade was used to 
carve it off the silicon wafer, where it was soaked in ethanol and floated onto a piece of filter 
paper. 
Gel Formation 
100µL of the PEG hydrogel precursor was spun coated at 1000 RPM for 30 seconds on a 1.54 
cm2 Psi substrate. PEG hydrogels of 30% 35k MW were partially cured onto porous silicon DBRs. 
A Second DBR was then placed on top of this structure and fully cured under UV.  
Characterization 
Samples were characterized using UV-Vis and SEM which was explained in detail in chapter 2.  
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5.3 Results 
Characterization 
Figure 5.2 PEG hydrogel in between two porous silicon DBRs 
 
SEM was used to determine if a hydrogel layer was successfully incorporated between two 
layers of porous silicon. PEG hydrogel cavities on porous silicon was seen to be adherent to 
both porous silicon mirrors. UV-Vis characterization shows a clear microcavity when a hydrogel 
cavity layer is inputted. The smaller microcavities occurs due to the hydrogel thickness (Fig 5.3). 
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Figure 5.3 Reflectance Spectra of Porous Silicon DBR 
 
Figure 5.5 UV-Vis of two DBRs of the same parameters stacked together 
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Figure 5.4 UV-Vis of Hydrogel inserted as a cavity layer of a DBR 
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When two Bragg stacks are stacked together we see a small microcavity appear, but the 
microcavity size is not as large as when the PEG defect layer is added. (Fig 5.4) 
5.4 Discussion 
A cavity layer of a different material can be readily added between two porous silicon DBRs to 
get a microcavity optical structure [25] in our work we demonstrated that a PEG hydrogel can 
be partially cured onto the porous silicon substrate and fully cured with another PSi filter on 
top. We also see that when two DBRs are stacked together there is a small microcavity 
appearing. This may be due to the surface chemical modification between the two porous 
silicon layers, rendering it to be not atomically flat. Thus we have a small gap of organic layers 
that may act as a microcavity. If no chemical modifications is done, there should be no 
microcavity layer, however the stability of the structure for other application remain in 
question. 
Potentially we can add a sacrificial layer instead, for instance a degradable MMP sequence 
hydrogel that has small molecules conjugated to the surface. When this is degraded, the two 
porous silicon DBRs will collapse together, which will either return back to a single reflectance 
peak or decrease the size of the microcavity.  
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CHAPTER 6 
NON-PLANAR POROUS SILICON 
6.1 Introduction 
 
While significant research has gone into fabricating planar Psi membranes for a host of 
applications, less attention has gone into topographic modification of porous silicon [78]. Since 
previous cell research on non-planar surfaces has produced interesting results changes in cell 
behavior [79], we speculated that topographic modification on porous silicon can provide 
insight that planar porous silicon does not. . To control the microdepth, we created single layer 
PSi structures which thickness is dependent on the etching time. We then dissolved out the 
structure using NaOH, which facilitates the oxidation of porous structure, causing it to dissolve.  
Next we used the topographically modified silicon and used the electrochemical process to 
create porous silicon in the depressed silicon regions. Using gold patterned porous silicon 
allows us to pattern regions of depressed silicon, since the porous network does not grow 
where silicon is masked by gold. This approach would allow manipulation of stimuli affecting 
cell behavior such as micro- and nanoadhesive area, topographical control and smart release of 
drugs into the cell.  
6.2 Materials and Methods 
PSI Fabrication 
Patterned porous silicon was fabricated using the same technique outlined in chapter 3. The 
silicon was etched for 6 minutes a current density of 150 mA/cm2. The porous structure was 
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subsequently dissolved in aqueous (5wt%) NaOH for 5 minutes. DBRs were then etched on this 
area using the anodization parameters in chapter 4.  
Chemical Modification  
Porous silicon was modified using hydrosilylation of undecenoic acid, followed by conjugation 
using EDC/NHS to include a NH2-PEG3-N3 linker and finally we used copper catalyzed azide-
alkyne cycloaddition on the silicon structure to attach RGD adhesive peptides onto the surface 
as detailed in chapter 2. The gold was subsequently modified to be resistant to cell adhesion 
using 100% HS-(CH2)5EG3-OH.  
Cell Culture 
Mesenchymal stem cells of passage 3-7 was cultured until near confluence on tissue culture 
plastic on high glucose DMEM with 10% FBS and 5% pen/strep. The cells were subsequently 
lifted off via 0.25% trypsin onto porous silicon surfaces and cultured in either MSC media. 
Immunofluorescence 
After 24 hours, mesenchymal stem cells were fixed using 4% PFA in PBS for 20 minutes. They 
were then immersed a solution of 1% Triton-X for 30 minutes and washed in 1% BSA in PBS. 
Cells were then primary stained using 1:500 of mouse anti-vinculin over night at 4oC. The 
following day the cells were stained using 1:200 anti-mouse 647, anti-phalloidin 488 and 1:2000 
DAPI. Imaging was done at the imaging technology group in Beckman using a Zeiss microscope. 
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Characterization Methodology 
SEM was taken using a Hitachi 4700 at the materials research laboratory. UV-Vis was performed 
at the imaging technology group at Beckman. 
6.3 Results 
Topographic patterning 
To create these topographic variation we used the gold patterning technique outlined in 
chapter 3, and used it to mask the dissolution of silicon at specific spots. After the first porous 
silicon layer is dissolved, we etched a second porous layer using a DBR optical structure. Optical 
view of the topographically etched porous silicon samples shows only indentation where the 
porous silicon structure is. Raised gold islands can be seen on top of the porous silicon.  SEM 
images of freshly etched 2.5D structures shows indented porous silicon with raised gold islands. 
Underetching of the gold can be seen, leading to a curved like structure of the porous silicon.  
Figure 6.1 Porous silicon 2.5D samples 
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Pore formation was seen to be perpendicular to the topography of the underlying silicon. The 
porous silicon near the gold/PSi interface was shown to curve around where the porous silicon 
was underetched in the previous step (Fig 6.3).   
Figure 6.2 Cross Section view of raised gold islands on porous silicon 
Figure 6.3 Cross Section view of gold/porous silicon interface 
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Porous silicon was seen to be etched uniformly regardless of topographic changes (Fig 6.4) 
Alternating layers of high and low pore density can also be seen in the cross section view.  
Figure 6.4 Cross Section view of gold/porous silicon interface 
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Characterization 
Optical structures can be fabricated using the same methodology as etching flat porous silicon. 
Fig 6.5 shows the optical reflectance of a DBR etch, showing a peak centered around 1290 nm.  
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Figure 6.5 Reflectance spectra showing a DBR etching into 2.5D porous silicon 
Figure 6.6 Fluorescence of mesenchymal cells on porous silicon 2.5D structures 
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Porous silicon was modified using to present the copper catalyzed alkyne-azide chemistry 
discussed in chapter 2 to present RGD adhesive peptides on the surface. Gold was subsequently 
modified using a thiol linker containing PEG groups to render it non-adhesive. Using this surface 
we saw that mesenchymal stem cells only adhered onto the porous silicon indents. In Fig 6.6, 
the background fluorescence is blue on porous silicon while black on gold. Cells survived in 
clumps on the porous silicon indents.  
6.4 Discussion 
 
Porous silicon 2.5D structures were seen to be created using an easy intermediate step of 
forming a sacrificial porous silicon layer and then adding 5wt% NaOH to remove it causing it to 
have topographic relief structures. The porous layer is the same thickness even when 
topographical variations occur, and optical structures can even be created. 2.5D porous 
structure can be interesting for studying cell biology. Previous research shows that 
microtopography changes [80] [81] can affect many different cell processes including 
differentiation, growth and alignment. It has also been shown that nanostructured materials 
change the adhesive area and differentiation of cells [61] [82]. Using this system, we can 
control both the nano- and microscale physical environment and use it to study many different 
cell types. We can possibly also combine it with the drug release discussed in chapter 4, to 
create another type of smart culture system based on porous silicon.  
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CHAPTER 7 
CONCLUSION 
7.1 Results 
 
Our research shows that the properties of porous silicon can be exploited for many different 
biotechnology devices. Surface chemistry modification of porous silicon can render it stable to 
proteins and cell degradation, as well as allow it to attach to different cell types. Porous silicon 
can be lithographically pre-patterned using hydrofluoric acid resistant mask. In our research we 
pick gold, so that the gold could be later modified using self-assembled monolayers to allow for 
different cell adhesive peptides than the porous silicon region, or even non-adhesive 
properties. Using gold patterning also allows us to create 2.5D structured porous silicon. These 
2.5D devices allows for not only cell adherence, but also manipulates the topographical micro 
and nano environment. We can also exploit the porosity properties to load small molecules into 
the porous network that can allow for a slow release of drugs. We used this platform to 
demonstrate an increase of mesenchymal stem cells undergoing osteogenesis compared to no 
drugs. We can also use this technology to insert a defect layer in a DBR sequence that can make 
it a microcavity structure.  
7.2 Suggested Future Works 
 
There are many potential routes that can be navigated to further the development of porous 
silicon devices. One interesting potential is to combine the drug release potential and either the 
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spatial or 2.5 D patterning of porous silicon.  This allows us to create a surface that could 
potentially increase differentiation of cells from a multi-directional attack, which could 
potentially increase the kinetics of cell differentiation.  
Another route to follow would be to implant these devices into an in vivo setting. Drugs or cells 
pre-cultured on porous silicon can be implanted to the body and the porous silicon can degrade 
over time into biocompatible molecules, as a new therapeutic device. 
Finally, the possibility of engineering porous silicon sensors that change optical structure over 
time will be interesting. For instance, instead of a PEG hydrogel layer, we can insert a sacrificial 
MMP-hydrogel layer that is conjugated with drugs. When this hydrogel is fully degraded and all 
the drugs released the optical structure will switch from a microcavity to reflective mirror.  
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